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a  b  s  t  r  a  c  t
This  work  provides  new  insight  into  the  degradation  of 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl-
methylcarbamate  (hereafter  carbofuran)  by  natural  pyrite  as  a  function  of  pH  and adsorbent  loading.
In  the presence  of tert-butyl  alcohol  i.e.,  OH• scavenger,  the  degradation  efﬁciency  of  carbofuran  was
almost  stopped.  In  acidic  solutions  (pH  <  5) the degradation  kinetics  was  pseudo  ﬁrst  order  in car-eywords:
yrite
arbofuran
H• radical
inetics modeling
bofuran  as − d[carbofuran]dt =  −kobserved × [carbofuran].  The  dependence  of  kobserved on  [FeS2] was  given  as
kobserved =  k0 +  [FeS2] ×  k1 where  k0 = 1.16  × 10−7 h−1 and  k1 = 0.137  h−1. The  elucidation  of precise steps  of
carbofuran  degradation  by pyrite  has  yet to  be solved.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).urface complexation
. Introduction
Pyrite (FeS2 space group Pa3) is a stable metal sulﬁde that has
eceived signiﬁcant attention in a range of industrial and geochemi-
al processes due to its ubiquity and unique features (Ennaoui et al.,
993; Cohn et al., 2006; Borda et al., 2003; Herbert et al., 2014). For
xample, the acid mine drainage occurred as a result of pyrite oxida-
ion in the presence of H2O and O2. Pyrite is considered as a primary
nergy supplier for primitive life (Wachtershauser, 1988). Further,
yrite shows intrinsic conductivity and high light absorption capac-
ty (Ennaoui et al., 1993). Recently the band gap of pyrite is shown
s ∼0.55 eV as opposed to widely accepted value of 0.95 eV (Herbert
t al., 2013). The presence of reduced band gap on the surface as
ell as the existence of defects sites within this band gap hold
mplications for electrons transfer as required for the degradation
f organic pollutants (Herbert et al., 2014, 2013; Kang et al., 2011).
n this context, the S22− on pyrite surface is argued as an electron
onor (Luther, 1987). The reactivity of pyrite was largely attributed
o fast or slow production of OH• radicals in the presence or absence
f Fenton precursors, respectively (Borda et al., 2003; Luther, 1987).
yrite is employed as a heterogeneous catalyst for pollution control
n several chemical processes such as aerobic degradation, photol-
∗ Corresponding author.
E-mail address: rohanw@pdn.ac.lk (R. Weerasooriya).
ttp://dx.doi.org/10.1016/j.enmm.2015.07.002
215-1532/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uysis etc. (Pham et al., 2015; Lee and Kang, 2013). For example, it
plays a catalytic role in the degradation of organic pollutants gen-
erated from pharmaceutical wastes (Bae et al., 2013), polyaromatic
hydrocarbons (Choi et al., 2014), pesticides or pesticide precursors
(Zhang et al., 2014; Tripathi et al., 2010) and domestic wastes (Kong
et al., 2015).
In this research we  examined the chemical kinetics of
2,2-dimethyl-2,3-dihydrobenzofuran-7-yl-methylcarbamate
(hereafter carbofuran) degradation by natural pyrite under anaer-
obic conditions and the results were used to postulate plausible
degradation mechanism/s based on experimentally identiﬁed
intermediates. When such an approach is not feasible due to
limitations in experimental procedures, the most probable inter-
mediates were predicted theoretically. All the experiments were
conducted in the dark under anaerobic environmental conditions.
Finally, a carbofuran degradation mechanism was proposed, and
the time domain distribution of different degradation products
was simulated computationally. The investigation of systems in
this nature is very important both from industrial and geochemical
viewpoints due to its importance as an industrial catalyst (Lopez-
Alvarez et al., 2011), and the role played in numerous natural
processes (Luther, 1987).Carbofuran was  selected mainly due to following reasons; it
is an insecticide widely used in agriculture and has a high toxic-
ity (LD50 11 mg  kg−1in mice) which acts as an inhibitor of acetyl
cholinesterase (Fenoll et al., 2013). Carbofuran has a high mobility
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Physicochemical data of pyrite/water interface and carbofuran.
Parameter Value Source
Speciﬁc surface area, m2/g 1 Ref. Weerasooriya and
Tobschall (2005)
Average particle size, m 4–4.5 This study
Site density, sites/nm2 9 Ref. Weerasooriya and
Tobschall (2005)
apHzpc 1.70–2.30 -do-
>FeSS−1/3 + H+ = > FeSSH+2/3 Log K 0.93 -do-
>FeSS−1/3 + 2H+ = > HHSS−1/3 Log K −2.87 -do-
Carbofuran MW 221.26 au Ref. Chapman and Cole
(1982)
Kow 17–26 -do-
Solubility 1.59 mM at
298 K
-do-
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a Value depends on equilibration time.
n soils and is soluble in water, i.e., solubility ∼700 mg/L (Worthing,
991). The maximum contaminant level (MCL) of carbofuran in
rinking water is 0.04 mg  L−1. Further due to high toxicity of carbo-
uran, new regulations have been promulgated banning its use (US
nvironmental Protection Agency, 2011). Semi-empirical calcula-
ions of pyrite and carbofuran systems have shown that the energy
alues of ELUMO and EHOMO are −3.14 and −6.14 eV, respectively,
hich indicate that carbofuran degradation by pyrite is theo-
etically feasible (Krilegman-King and Reinhard, 1994). However,
nvestigations into the degradation of carbofuran by pyrite are
epleting to date and the available information is of limited use
n elucidating mechanistic pathways of carbofuran degradation. In
ontrast, there is substantial information on the degradation of car-
ofuran by photochemical (Lopez-Alvarez et al., 2011), chemical
Cohn et al., 2006; Borda et al., 2003), pyrolytic (Remya and Lin,
011) and biological (Chaudry and Ali, 1988) methods and in most
f them are routinely used in advanced oxidation processes of water
reatment. In pyrolytic degradation, carbofuran has disintegrated
nto 83 low molecular mass fragments, viz. m/z 39–164 (Remya and
in, 2011). Both in biological and chemical processes, however the
arbofuran degradation occurred via the formation of high molec-
lar mass fragments, viz. m/z  178–221 (Fenoll et al., 2013; Chaudry
nd Ali, 1988).
. Materials and methods
.1. Materials
Standards 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl-N-
ethylcarbamate (carbofuran) and 2,3-dihydro-2,2-
imethylbenzofuran-7-ol were purchased from Chem Service,
SA. HClO4, NaOH, NaClO4, Na2S, methanol, tert-butyl alcohol,
OCH2C(CH3)2OH were obtained from Fluk (Switzerland). N-
ydroxyamine hydrochloride, sodium acetate, and 2.2′-bypyridyl,
tomic absorption iron standard solutions were from BDH (UK).
ater was puriﬁed passing through a mixed bed resin to remove
ny anionic or cationic constituents before distillation. Stock solu-
ions of carbofuran and 2,3-dihydro-2,2-dimethylbenzofuran-7-ol
ere prepared in methanol — water mixtures from the chemicals
eceived from Sigma (USA). The half-lives of carbofuran in water
anged from 690 days at pH 5 to 1 days at pH 9 (Chapman and
ole, 1982). Therefore, the pH of the stock solution was always
ept below 5 to minimize self-degradation. Pyrite samples were
ollected from a graphite mine (Location: Bogola, Sri Lanka) and
hey were puriﬁed according to the methods given elsewhere
Weerasooriya and Tobschall, 2005), particularly to remove any
xidative products such as iron(II) sulfate, melanterite etc., from
he mineral phase. .For all experiments sample preparationslogy, Monitoring & Management 4 (2015) 51–57
were conducted under anaerobic conditions in a glove box which
was ﬂushed with 99.95% N2 according to following procedure:
three times prior to use; two times after each sample change
and two  times daily to remove any slow diffusive atmospheric
contaminants from the glove box.
Conﬁrmatory evidence for the identiﬁcation of mineral phase
was received by X-ray diffraction and FTIR analyses. The physico-
chemical properties of pyrite/water interface and carbofuran used
are shown in Table 1.
2.2. Methods
The chemical kinetics of carbofuran degradation by pyrite was
examined as a function of pH, carbofuran and solid content. In con-
trol experiments, identical solutions were prepared without pyrite.
The blank solutions were prepared by membrane ﬁltering(pore
size 0.45 m)  pyrite–water suspensions that were synthesized at
desired experimental conditions. In selected experiments ∼0.10 M
tert-butyl alcohol was added as the OH radical scavenger. As dis-
cussed in ref. (Langford and Carey, 1975), the OH• scavenging
can be monitored by detecting HOCH2C(CH3)2OH. The detection
of HOCH2C(CH3)2OH was carried out by a GC-FID system using
Porapak 3 capillary column under split–split less mode at 9.4 min
retention time as conﬁrmed against a known standard. All exper-
iments were conducted in amber borosilicate vessels (volume
∼250 mL,  Ace Glass USA) capped with a glass lid with ﬁve outlets
to facilitate solution transfer and pH monitoring under controlled
conditions. In most cases, the mass ratio of the solid to solution
was around 1:5. The uptake of water by pyrite slurry was  negli-
gible; hence errors due to changes in volume by pyrite addition
were neglected because they were within the range of analytical
and experimental errors. To prepare samples, ﬁrst a clean vessel
was capped with the lid equipped with pH electrode, anti-magnetic
stirring rod, temperature probe, and N2 gas inlet/outlet tubes. The
batch slurry prepared with pyrite was transferred to the vessel, and
stirring was  initiated. Subsequently, the solution was spiked with
known concentration of carbofuran and pH was recorded. In a typ-
ical kinetic experiment, the pyrite batch solution was  spiked with
a known carbofuran concentration. The background ionic strength
was adjusted to 0.01 M with 5 M NaClO4. The pH values within 1–5
were adjusted either with 0.0921 M HClO4 or 0.935 M NaOH. The
temperature was maintained at 298 K. At pre-deﬁned time inter-
vals, samples were withdrawn into a syringe. Samples were placed
in 3-ml glass vials. For the analysis of organic compounds, a 0.5-
ml sample was added into a vial. A known volume (15-l in most
cases) was  taken into gas tight syringe for HPLC analysis. Normally
three samples were taken from each vial. In most of the cases, the
conditions of pseudo order kinetics were imposed by performing
experiments at excess surface sites while varying one experimen-
tal parameter at a time. Dependence of the carboruan degradation
rate on proton concentration was investigated by varying system
pH between ∼2.0 and ∼5.0. To determine the effect of solid concen-
tration on carbofuran degradation, the pyrite content in the batch
reactor was varied between 1 and 48 M around pH ∼2.
2.3. Analyses
Carbofuran and its degradation products were analyzed
by reversed phase (RP) HPLC using Supersil C-18 column
(150 m × 4.6 mm,  5 m particle size) with a UV detector at 276 nm.
The mobile phase was composed of a mixture of 60/40% acetoni-
trile and water under 1 mL  min−1 isocratic ﬂow conditions. The
inorganic degradation products, nitrate, nitrite and ammonium
were determined photometrically according to the procedures
given in APHA (American Public Health Association (APHA), 2005).
Carbofuran degraded product identiﬁcations were carried out
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Table  2
Relative standard errors, coefﬁcient of variances, spiked recoveries and calibration ranges of analytical measurements used quality control.
Parameter Spiked
concentration (M)
Spike
recovery (%)
Linear range (M) aRSE (%) bCV (%)
Carbofuran 5 90 2.00–8.00 5 3.6
2,3-dihydro-2,2-dimethylbenzofuran-7-ol 5 85 1.00–6.00 5.0
Nitrate  10 95 0.80–70.0 2.5 2.0
Nitrite  10 92 0.40–140 1.5 1.5
Ammonia 20 85 2.00–1000 3.5 3.5
Sulﬁde  50 91 1.00–3000 4 5.0
Total  iron 5 95 0.20–20 2.5 2.0
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tration of pyrite under following experimental conditions: pH 2.50,
[carbofuran] 5 M,  stirring rate 400 rpm, and T 298 K. The sites
concentration of pyrite was varied from 3 to 48 M.  Similar experi-
ments were conducted between pH 2.0 and 5.0 (details not shown).Ferrous 5 
a RSE: relative standard error.
b CV: coefﬁcient of variance.
y Hewlett–Packard GC–MS. The time resolved IR spectra of
arbofuran-pyrite complexes were obtained under transmission
ode. The carbofuran-pyrite-solid suspensions were mixed with
Br at a 1:3 ratio, and the samples were introduced to the FTIR
pectrometer (model: iS 50 FT-IR) with time resolved spectral soft-
are. The FITR machine was programmed to collect spectral data at
ser deﬁned different time intervals for a speciﬁed duration. Total
ron analysis was carried out with the ﬂame atomic absorption
pectrometry (GBC 933 AA, Australia). Ferrous ion concentration
as determined photmetrically with 2.2′-bypyridyl method. Sul-
de concentration was determined by Orion Ag2S/S2− ion selective
lectrode (94-16, USA) and double junction reference (90-02, USA)
lectrode coupled to auto-chemistry Analyzer (Orion 960 USA). All
alibrations of the sulﬁde electrode were made under matching
olution conditions to minimize matrix effects. The pH measure-
ents were made with Rose combined electrode. Table 2 shows the
arameters examined for different analytical methods to ascertain
uality control of data.
The kinetic data were analyzed with Chemical Kinetic Simu-
ator (CKS) (IBM cooperation, 1996). The CKS algorithm assumed
 stochastic method based on reaction probabilities to calculate
he history of a given system using a speciﬁed reaction mecha-
ism. It treats the reaction system as a volume ﬁlled with limited
umber of particles representing reactants and products. More
echnical details about the algorithm is given in reference no
IBM cooperation, 1996). The postulated pathways of carbofuran
egradation were developed based on experimental measurements
dentifying possible intermediates. If such an approach is not pos-
ible due to measurement limitations ab initio molecular modeling
ethod based on DFT theory was used to predict possible interme-
iates. The details of these calculations were reported elsewhere
Amarasekara, 2009). The postulated mechanism is given in Fig. 5.
he initial concentrations of carbofuran and pyrite were inputted
nto CKS code along with the experimentally deﬁned rate constants,
iz. k1, and k5. Other rate constants stated in the proposed mecha-
ism (k2–k4, k6) were optimized till the calculated concentrations
f the intermediates matched experimentally measured values.
. Results and discussion
.1. Spectroscopic data for carbofuran degradation
As shown elsewhere (Weerasooriya et al., 2012), carbofuran
xhibits direct interactions with reactive sites on pyrite surface as
videnced by the variations of lattice vibration modes of the solid
n the region 700–1200 cm−1. Further, the presence of carbofuran is
haracterized by a band at 3363 cm−1due to CH N stretching. Bare
yrite did not show any bands at or in the vicinity of 3363 cm−1. In
he presence of pyrite the intensity variation of this band was mon-
tored as a function of time using time resolved IR spectroscopy.
s time evolved the relative intensity of this band has decreased
Fig. S-1: Support documentation) and this provides evidence for0.20–20 2.5 2.1
degradation of carbofuran via HC N bond. Further, in time resolved
IR spectroscopy, the IR band intensity values can be recorded at
0.5 s intervals and such a resolution cannot be achieved in resid-
ual concentration determination method. However, in the latter
method, the time period of sampling can comfortably be extended
to order of hours. Although in the IR spectroscopic method such
an extension of time interval is possible, the IR band at 3363 cm−1
is obscured with a broad band. This may  be due the presence of
degraded products of carbofuran since any changes on pyrite sur-
face should show IR bands in the region 600–800 cm−1. Presently no
attempt was  made to elucidate the spectral variations upon inter-
actions of pyrite with these degraded products. Therefore, the time
resolved IR spectroscopy was  not used further in this work.
3.2. Kinetics of carbofuran degradation
Control experiments were carried to determine carbofuran
degradation in the absence of pyrite in the reaction system. The
results of these experiments can be summarized as; (a). The max-
imum
∑
Fen+ and
∑
Sm− concentrations in solution ranged from
70 M and 10 M respectively; (b). At all pH values (<5) no measur-
able degradation of carbofuran was  observed; (c). The sorption of
carbofuran onto container walls was not signiﬁcant (always over
92% recovery of carbofuran). Thus the Fen+ or Sm− species in
solution have a negligible effect on carbofuran degradation that
can be ascribed to a surface mediated process. Fig. 1 shows the
degradation of carbofuran as a function of time and sites concen-Fig. 1. Variation of residual concentration of carbofuran as a function of time at pH
∼2.5 and T 298 K in 0.01 M NaClO4. Initial [carbofuran] = 5 M.  The
(
pyrite
carbofuran
)
ratio
was  ranged from ∼0.5 to 8.
54 S.A.K.M. Dhanasekara et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 51–57
F
(
C
)
p
o
I
m
s
t
n
p
g
c
s
w
[
w
p
b
−
w
i
d
b
o
f
3
i
T
V
c
S
0.0 2.0x10-5 4.0x10-5
6.0x10-8
7.0x10-8
8.0x10-8
D
eg
ra
da
tio
n 
Ra
te
, m
ol
.L-
1 .
h-1
[Pyrite]/[Carbofuran]
3.4. The kobs dependence on pH
The rate constants of carbofuran degradation as a function of
pH were also examined. The data in Fig. 4 show that carbofuran
-2
1.4x10-2
2-
1.4x10-6ig. 2. Variations of ln tC0 and [FeS2]. Initial experimental conditions maintained:
H 2.50; [carbofuran]t = 0 5 M,  [FeS2] 2.70–47 M.  Linear ﬁts indicate (pseudo-) ﬁrst
rder kinetics.
n all cases, the residual concentrations of carbofuran showed a
onotonous decrease with the time. At prolonged time periods,
uch a behavior cannot readily be discerned possibly due to interac-
ions of degraded products of carbofuran with pyrite surface (data
ot shown). According to Fig. 1, it is evident that these degradation
roducts occur in signiﬁcant proportions when the reaction time is
reater than 40 h. The experimental data within this period were
hosen for the estimation of reaction order and rate constants. As
hown in the Fig. 2, the kinetic plots of ln
(
Ct
C0
)
as a function of time
ere used to determine these parameters. In all concentrations of
FeS2] used linear plots were obtained (similar plots were obtained
hen pH 3, 4 and 5. Details are not given). Therefore at a constant
H and [FeS2], the carbofuran loss in the system can be expressed
y a pseudo ﬁrst order rate expression as:
d [carbofuran]
dt
= −kobs × [carbofuran] (1)
here [carbofuran] represents the molar concentration, kobs (h−1)
s the pseudo ﬁrst order rate constant for carbofuran reaction. The
ependence of kobs with [FeS2] is given Table 3. Accordingly car-
ofuran degradation by pyrite is categorized to follow pseudo ﬁrst
rder reaction kinetics in [carbofuran]. Further, these data were
urther analyzed to ascertain the dependence of kobs in [FeS2]..3. The kobs dependence on [FeS2]
Fig. 2 shows the dependence of kobs with [FeS2] at pH 2.50 (sim-
lar plots were obtained when pH < 5). From these data it can be
able 3
ariation of observed rate constant, kobs as a function of [FeS2]. Initial experimental
onditions employed were pH 2.50, [carbofuran]0 5 M,  T 298 K.
a[ FeS2] (M)  Observed rate constant (h−1)
pH 2.50
2.73 × 10−6 0.0110
1.31 × 10−5 0.0135
1.90 × 10−5 0.0145
3.36 × 10−5 0.0154
: speciﬁc surface area, m2/g; Ns site density, sites/nm2; Av Avogadro number.
a [ FeS2], mol/L = W×S×Ns×10
18
AV
mol/L, where W solid content, g/L.Fig. 3. Variations of rate constants as a function of [FeS2]. Experimental condi-
tions:pH 2.50; k1 = 0.1374 h−1 and k2 = 1.16 × 10−7 h−1.
inferred that carbofuran degradation follows a two-route mecha-
nism in [FeS2]. When [FeS2] > ∼ 30 M,  the kobs showed a negligible
variation with respect to [FeS2] and, when [FeS2] < ∼ 30 M,
thekobs varied linearly in [FeS2]. Therefore the overall variation
of kobs with [FeS2] can be expressed as kobs = k1[FeS2] + k0 where
k0 = 1.16 × 10−7 h−1 and k1 = 0.137 h−1.The ﬁrst route is pseudo 1st
order and the second route is 0th order in [FeS2] (Fig. 3). Switching
of the reaction order indicates that the overall process is surface-
mediated (Appelo and Postma, 2010). The carbofuran degradation
is indeed a multi-step process. Therefore, the constants kobs derived
from Eq. (1) represents a composite value of a series of elemen-
tary reactions. Experimental data reported shown here are not
sufﬁcient to identify individual steps of the overall mechanism.
Based on these arguments for subsequent experiments we  imposed
[pyrite]
[carbofuran] ≥ 6 ensuring pseudo 0th order kinetics in [FeS2].3.0  4.5 
1.0x10-2
1.2x10
[>S
S-1/
3 ], 
M.
m
k o
bs
, 
h-1
pH
0.0
7.0x10-7
Fig. 4. Variations of rate constant of carbofuran degradation by pyrite as a function of
pH.  The symbols indicate experimental data. The solid line shows the distribution of
site  concentration of [ SS−1/3] species calculated by DLM model using the data pub-
lished elsewhere (Weerasooriya and Tobschall, 2005). The presence of [ SSH+2/3]
was  not signiﬁcant when compared to [ SS1/3].
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Fig. 5. Proposed mechanism of carbofuran degradation by pyrite. Products labeled
as  A,B,E, and F were identiﬁed experimentally. Products D and I were predicted by
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oolecular modeling at B3LYP/6-311+G(2df,p) level. The details of the calculations
ere given in (Amarasekara, 2009).
egrades fastest in acidic pH and thereafter it decreases toward
asic end. As the pH of the solution varies, the surface species of the
yrite surface should show a variation. In a previous work, the dis-
ribution of different species as a function of pH had been modeled
sing a 1-pK surface complex formation mechanism (Weerasooriya
nd Tobschall, 2005) and the points pertinent to this work were
rieﬂy outlined. Accordingly, pyrite consists of two surface sites,
amely [ FeSS−1/3] and [ SSFe5/3]. The hydroxyl functional groups
re created by hydrolysis of H2O on iron sites; the sulﬁde groups
ccur differently, yielding [ SH+2/3], [ SS−1/3] and [ SSH+2/3] sites.
he pHzpc of pyrite is 1.7. When pH < pHzpc surface charge of
yrite is net positive, [ SSFeOH0] and [ FeSSH+2/3] surface sites
re present. When compared to [ FeSS−1/3] sites, the [ SS−1/3]
ites dominate below pH 5. The presence of terminal sulfur species
nhanced hydrophobic behavior (Luther, 1987; Weerasooriya and
obschall, 2005), and this behavior is strongly inﬂuenced by the
djacent iron species. Accordingly, the [ SS−1/3] sites seem to be
ore hydrophobic than [ FeSS−1/3] sites and their relative abun-
ance showed opposite trends with the pH (Chaudry and Ali, 1988).
he variation of kobs with pH showed somewhat similar behav-
or with that of [ −1/3]. It implied the dominant role played by
 SS−1/3] surface species in the reduction of carbofuran by pyrite.
.5. Role of OH• scavenger
Borda et al. (2003) showed that highly reactive OH• are spon-
aneously formed in pyrite slurry. We  hypothesized that the
egradation of carbofuran occurred via formation of OH•. How-
ver the determination of the evolution of OH• concentration is
hallenging because there is no easy method for measuring this
oncentration in situ. Therefore separate experiments were carried
ut in the presence of OH• scavenger, tert-butyl alcohol. As shown
arlier (Langford and Carey, 1975; Janata, 2002) tert-butyl alcohol
ppears to react with OH• and Fe (H2O)3+ to give HOCH2C(CH3)2OH.
he presence of HOCH2C(CH3)2OH was conﬁrmed qualitatively by
ts experimental detection. In the present work, the site concen-
rations of pyrite were 2.73 M and 48 M.  In both cases, 0.1 M
ert-butyl alcohol serving as an OH• scavenger decreased the carbo-
uran degradation by pyrite by about 96%. Further strict anaerobic
onditions were maintained in all experiments. In the absence of
2, OH• generation is known to occur at defect sites of pyrite by
ater splitting. In a perfect pyrite crystal the sulfur on S2− has an
xidation state –I (Borda et al., 2003). However sulfur presents atlogy, Monitoring & Management 4 (2015) 51–57 55
defect sites has an oxidation state −II. As shown below, therefore to
maintain charge balance this requires iron in vicinity should have
an oxidation state +III. In all instances, the generation of OH• is pre-
sumed to be formed at defect sites creating an acidic environment
lowering the pH of the solution by about 0.7–1.5 units. During the
course of the reaction, the pH was  restored to speciﬁc values with
0.935 M NaOH:
Fe3+(pyrite) + H2O → Fe2+(pyrite) + OH• + H+
3.6. Identiﬁcation of degraded products of carbofuran
The different intermediates resulted by carbofuran degra-
dation by pyrite were examined with RP-HPLC and gas
chromatography–mass spectroscopic (GC–MS) methods. For this
experiment following experimental conditions were used; pH 2.5,
[FeS2] = 35 M and [carbofuran]0 = 5 M.  The RP-HPLC chromato-
graph showed six peaks (details were not shown). Obviously six
peaks indicate six compounds which cannot be identiﬁed con-
clusively due to unavailability of authenticated samples of some
intermediates. However, only two  peaks of the chromatograph
were identiﬁed as carbofuran (retention time, tR = 12 min.) and 2,3-
dihydro-2,2-dimethylbenzofuran-3,7-diol (tR = 8 min.). Bachman
and Patterson (1999) reported seven peaks when carbofuran was
photo-decomposed. Out of the seven compounds, only the (same)
two products were identiﬁed based on retention times. Presently
further identiﬁcation of degradation products was carried out
by GC–MS. However, the total ion current (TIC) spectrum of
the same sample used for HPLC analysis has resulted only four
peaks. The absence of a particular peak in TIC may be due to
the low resolution of the mass detector (∼m/z 20 000). Identiﬁ-
cation of the four compounds shown in mass spectroscopic data
are given in Fig. S-2 (Support documentation) as 2,2-dimethyl-
2,3-dihydrobenzofuran-7-yl-methylcarbamate (compound A in
Fig. 5), 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl-formate (com-
pound B), 2,2-dimethyl-2,3-dihydrobenofuran-3,7-diol(compound
E), and 7-hydroxy-2,2-dimethylbenzofuran-3(H)-one (compound
F). The possible structures of the two unidentiﬁed com-
poundswere determined from ab initio calculations made at
B3LYP/6-311 + G (2df,p) level (details not shown). Accord-
ingly, the conversion of 2,2-dimethyl-2,3-dihydrobenzofuran-7-
ylformate (compound B) → 2,2-dimethyl-2,3-dihydrobenzofuran-
3,7-diol (compound E) is believed to occur via the forma-
tion of 2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (compound D).
The degradation of 2,2-dimethyl-2,3-dihydrobenzofuran-3,7-diol
(compound E) resulted 7-hydroxy-2,2-dimethylbenzofuran-3(H)-
one (compound F) and subsequent conversion into 3-hydroxy-
2-2-methoxybenzaldehyde (I). Although the exact structural
elucidations are not possible by HPLC, it is likely that the uniden-
tiﬁed peaks may  be due the presence of these degradation
products (compounds 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl-
formate (B), 7-hydroxy-2,2-dimethylbenzofuran-3(H)-one (F),
2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (D) and 3-hydroxy-2-
2-methoxybenzaldehyde (I)). Possible intermediates shown as
2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (D) and 3-hydroxy-2-2-
methoxybenzaldehyde (I) were predicted by theoretical calcula-
tions at B3LYP/6-311+G (2df,p) level.
Most of the carbofuran degradation products stated in this
work was similar to those reported by the process of carbofu-
ran photolysis (Bachman and Patterson, 1999). However, they do
differ with respect to the products obtained by carbofuran pyrol-
ysis (Remya and Lin, 2011). Further according to the data shown
so far it can be deduced that the carbofuran degradation is con-
trolled by the generation of OH• on pyrite. Due to high reactivity
of OH•, the relevant reaction/s can be assumed to be offset from
the state of equilibrium state. Therefore no back reaction/s is
56 S.A.K.M. Dhanasekara et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 51–57
Fig. 6. Simulated data of various degraded products of carbofuran by pyrite. Simulations were carried out with CKS code. The rate constants of the conversions
A  → B and E → F were determined experimentally as 0.015 h−1 and 0.002 h−1, respectively. The optimized rate constants of the conversions B → D, D → E, F → I and
G  → C were 0.004 h−1, 0.002 h−1, 0.005 h−1 and 0.002 h−1, respectively. Following initial conditions were used. Pyrite 3.5 × 10−5 M,  5 M,  carbofuran, pH ∼2.50. A:
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n,2-dimethyl-2,3-dihydrobenzofuran-7-yl-methylcarbamate, B: 2,2-dimethyl-2,3-
imethyl-2,3-dihydrobenzofuran-3,7-diol, F: 7-hydroxy-2,2-dimethylbenzofuran-3
ssumed to be occurred in signiﬁcant proportions. As shown in
ig. 5, a plausible mechanism for the carbofuran degradation by
yrite was suggested considering following steps; (i). Cleavage of
he C N bond forming 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl
ormate (compound B) and methyl amine, and (ii). Cleavage of the
 O bond of 2,2-dimethyl-2,3-dihydrobenzofuran-7-yl formate
orming 2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (compound E)
ia2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (compound D) and
arbamic acid (G). The carbamic acid (compound G) is unstable
nd rapidly degraded to methylamine, inorganic nitrogen species
nd CO2 (Chaudry and Ali, 1988). Bachman and Patterson (1999)
roposed a three steps mechanism for the carbofuran photo-
egradation. The ﬁrst step was somewhat equivalent to the steps
uggested by us; the carbamate group is cleaved from carbofuran
orming 2,3-dihydro-2,2-dimethylbenzofuran-7-ol and carbamic
cid; the latter compound decomposes readily into methylamine
nd CO2. The formation of the gaseous products is a driving force
or the progress of the forward reaction (Bachman and Patterson,
999). Further, as a result of degradation of carbamic acid or methyl
mine, the solution also contains NH4+, NO3− and NO2−; the equiv-
lent nitrogen content was 1.7 × 10−6 mol. The nitrogen content
f the carbofuran used was 5.0 × 10−6 mol. The discrepancy of the
itrogen mass balance is attributed due to escape of some nitrogenrobenzofuran-7-yl formate, D: 2,2-dimethyl-2,3-dihydrobenzofuran-7-ol, E: 2,2-
ne, and I: 3-hydroxy-2-2-methoxybenzaldehyde. Refer to Fig. 5 for details.
as ammonia or methylamine as gases. However, such an approach
cannot be made on carbon mass balance due to excessive release
of CO2, and the presence of possible intermediates that are not
quantiﬁed yet.
Finally the apparent rate constants for the each step of the
reaction scheme given in Fig. 5 were determined (the letter
labels correspond to degradation products as detailed in Fig. 5).
The initial conditions of this experiment were maintained at
[pyrite]
[carbofuran]∼6 assuming ﬁrst order kinetics. Required rate constants
for A → B and E → F conversions were determined experimen-
tally as k1 = 0.0154 h−1 and k5 = 0.004 h−1, respectively. Rate
constants correspond to B → D (k2), D → E (k4), F → I (k6) and
G → C (k3) conversions were not experimentally accessible; they
were estimated by an optimization. Reaction scheme proposed
in Fig. 5 for carbofuran degradation was fed into CKS code
along with experimentally derived rate constants. The unknown
rate constants namely k2, k4, k3 and k6 were systematically
changed till the calculated concentrations of 2,2-dimethyl-
2,3-dihydrobenzofuran-7-yl-methylcarbamate (carbofuran),
2,2-dimethyl-2,3-dihydrobenzofuran-7-diol and 7-hydroxy-2,2-
dimethylbenzofuran-3(H)-one (compound F) matched with the
experimental data, and the results are shown in Fig. 6. The
experimentally measured concentrations of carbofuran and other
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roducts are shown in symbols. In addition other degradation
roducts may  possibly exist in the system but were not detected
ainly because of their low concentrations.
.7. Environmental applications
Pyrite is an intrinsic semiconductor which is believed to split
ater for OH• production at defects or surface sites. This material
nd its oxidative products are environmentally benign. It is a low
ost Fe2+ source that makes it an ideal substrate for heterogeneous
atalyst for most environmental applications. Pyrite based Fenton
rocess showed enhanced efﬁciency due to the self regulation of
e2+ in solution. Although exact mechanism/s is inconclusive to
ate, the production of H2O2 (in small proportions) is also shown in
he vicinity of surface sites. In classical Fenton process both of these
ubstrates, namely Fe2+ and H2O2 requires adding externally. How-
ver in the case of pyrite aqueous systems both of these substrates
elieved to produce in situ. Therefore, pyrite has a great potential
s an excellent starting material for the degradation of organic pol-
utants. Pyrite has already been used as a natural Fenton reactor in
he degradation of organic pollutants several instances (Bae et al.,
013; Choi et al., 2014). Pyrite is proposed as an active substrate
or domestic water treatment, nitrate and metalloids remediation
Kang et al., 2011; Kong et al., 2015). This study indicates that nat-
ral pyrite spontaneously initiates slow degradation of carbofuran.
he data related to the toxicity of most of the degraded products
re not available to date. Nonetheless this information is vital in
ssessing environmental impact due to carbofuran. When prop-
rly functionalized, in accordance with green chemistry principles,
yrite can be used as a starting material for pollution control and
emediation due to its simplicity, cost effectiveness and environ-
ental inertness.
. Conclusions
Partial degradation of carbofuran was occurred in
he presence of pyrite with a highest efﬁciency around
H ∼ 2.5. The dominant degradation products were
,2-dimethyl-2,3-dihydrobenzofuran-7-yl-methylcarbamate, 2,2-
imethyl-2,3-dihydrobenzofuran-7-yl-formate, 2,2-dimethyl-2,3-
ihydrobenofuran-3,7-diol, 7-hydroxy-2,2-dimethylbenzofuran-
(H)-one and two unidentiﬁed intermediates. The plausible
tructures were postulated theoretically. In the presence of natural
yrite, nearly 40% of carbofuran was degraded within 100 h. The
egradation efﬁciency of pyrite enhanced with the adsorbate
oncentration at a given temperature, pH and initial carbofuran
oading. The research geared to improve the efﬁciency of pyrite as
 geo-catalyst is currently in progress.
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